Parasponia, a woody member of the elm family, is the only nonlegume genus whose members are known to form an effective nitrogen-fixing symbiosis with Bradyrhizobium or Rhizobium species. The Bradyrhizobium strain Rp501, isolated from Parasponia nodules, also nodulates the legumes siratro (Macroptilium atropurpureum) and cowpea (Vigna unguiculata). To test whether some of the same genes are involved in the early stages of Igume and nonlegume nodulation, we generated transposon TnS insertions in the region of three evolutionarily conserved genes (nodA, nodB, and nodC) required for legume nodulation in several Rhizobium and Bradyrhizobium species. Assays of these mutant Rp501 strains on legume hosts and Parasponia seedlings established that nodABC are required for nodulation of legume and nonlegume hosts, indicating that nonlegumes and legumes can respond to the same bacterial signal(s). In addition, a strain carrying a TnS insertion adjacent to the nodABC genes vigorously nodulated RpSO1 legume hosts but was incapable of nodulating Parasponia, possibly identifying a nonlegumespecific nodulation function.
Symbiotic associations between nitrogen-fixing bacteria and plants substantially reduce host plant requirements for exogenous fixed nitrogen. Almost exclusively, symbiotic nitrogen-fixing bacteria of the family Rhizobiaceae infect the roots of host plants of the legume family. Parasponia, a woody member of the elm family, is the only nonlegume genus whose members are known to form an effective nitrogenfixing symbiosis with rhizobia (1) .
The rhizobial infection pathway of the nonlegume host Parasponia differs substantially from the infection pathways of most legume hosts, in particular with respect to early infection events (2, 3) . Root hair curling and infection thread formation are not primary events in Parasponia infection; rather, initial infection stages have been characterized as pathogenic in appearance, involving intercellular penetration of the epidermis, often accompanied by degradation of cortical cells (2) . Eventually, infection threads do develop, and plant cell infection is achieved solely by way of these invading threads. Parasponia rhizobia fix nitrogen while retained within these threads and, in contrast to legume nodules, do not lie within the host cell cytoplasm as differentiated membrane-bound bacteroids. Vasculature of legume and nonlegume nodules also differs (3) .
Previously, we identified three "common" nodulation genes, nodA, nodB, and nodC, in Rp501, a slow-growing Bradyrhizobium strain isolated from Parasponia rigida nodules and demonstrated structural and functional conservation between the Bradyrhizobium sp. (Parasponia) nodABC genes and the corresponding nodulation genes of the alfalfa symbiont Rhizobium meliloti (4, 5) . Analogues of the R. meliloti nodABC genes have been shown to be present in a variety of Rhizobium and Bradyrhizobium strains, indicating that the products of these genes play a common role in all Rhizobium-legume symbioses (6) (7) (8) (9) . In R. meliloti, expression of nodABC is regulated by a plant-derived flavone inducer molecule, luteolin (10) .
Because Bradyrhizobium sp. (Parasponia) strain Rp501 also nodulates the legumes siratro (Macroptilium atropurpureum) and cowpea (Vigna unguiculata), it is likely that the Rp501 nodABC genes are required for legume nodulation; however, it is of interest to determine whether nodABC are also required for nodulation of Parasponia. In this report we describe Rp501-derived mutant strains, each of which contains a TnS insertion in a different location in the Rp501 nodulation region. Rp501 nodABC::TnS insertions displayed a nodulation-defective phenotype on both legume hosts and on Parasponia.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. Bacterial strains and plasmids used in these experiments are listed in Table 1 . Mutant pPRC6 plasmids used in construction of Rp501 mutant strains have been described (5) , and locations of TnS insertions are shown in Fig. 1 .
Media. LB, TY, and M-9 sucrose bacterial media and Nod plant medium have been described (13) . Antibiotics were purchased from Sigma.
Bacterial Genetics. Rp501 nodABC::Tn5 strains were constructed as follows. Mutant pPRC6: :TnS plasmids were mobilized from E. coli strain MM294 into Rp501 in triparental matings with MM294/pRK2013 (14) and exconjugants were selected on solid TY medium containing streptomycin (Sm) at 1000 ,ug/ml and kanamycin (Km) at 150 ,4g/ml at 32°C. SmrKmr (where r = resistant) exconjugant colonies were grown in liquid TY medium containing streptomycin at 1000 ,ug/ml and kanamycin at 150 ,g/ml at 32°C until cultures were nearly saturated (5-7 days). Exconjugant cultures were pelleted and resuspended in TY medium prior to matings on TY plates with E. coli strain 2174 containing the gentamycin (Gm) resistance plasmid pPH1IJ. Exconjugants of this mating were scraped from plates and suspended in S ml of liquid TY medium containing streptomycin at 1000 ,ug/ml, kanamycin at 150 ,ug/ml, and gentamycin at 70 ,g/ml. After an overnight incubation at 32°C, cultures were plated on TY plates containing streptomycin at 1000 ,ug/ml, kanamycin at 150 ,.ug/ml, and gentamycin at 70 ,ug/ml. Colonies (14) . Restriction endonucleases were purchased from Boehringer Mannheim or Bethesda Research Laboratories and were used according to manufacturers' specifications. Agarose gel electrophoresis was performed as described (17) . Southern blotting and hybridizations were performed as described by Marvel et al. (5) . Washes were carried out at 65°C for 2 hr in 0.1% NaDodSO4/15 mM NaCl/1.5 mM sodium citrate. Nick-translations were performed according to Maniatis et al. (18) . Restriction fragments for nick-translation were isolated from agarose gels using a glass powder DNA purification protocol (19) .
R. meliloti Sequences Used as Hybridization Probes. Radiolabeled probes used to identify putative Rp501 nodD sequences were derived from the coding sequences of the nodD gene ofR. meliloti strain 1021 and include a 700-base-pair (bp) Bgl II-Ssp I fragment from the plasmid pRMJ30 (Table 1) . A second, smaller R. meliloti nodD probe, carrying sequences from the 5' end of the nodD gene, hybridized primarily to a 600-bp Xho I-Cla I pPRC6 fragment (data not shown). The probe comprised a 240-bp Bgl II-BamHI restriction fragment from plasmid pRmSL42 ( Table 1) . Sizes of restriction fragments used as hybridization probes were deduced from published R. meliloti nodD sequence data (20) .
Nodulation Assays. Siratro (M. atropurpureum) seeds were sterilized in concentrated H2SO4 for 12 min and then rinsed six times in sterile distilled H20 prior to sowing on Nod medium agar slants (13) . One seed was sown per tube. Siratro seeds were inoculated with Rhizobium 2-4 days after sowing. Nodules were visible 10 days to 2 wk after inoculation and plants were scored for nodules 3-4 wk after inoculation.
Cowpea seeds (V. unguiculata) were sterilized in 0.2% mercuric chloride for 3 min and then were rinsed six times with sterile distilled H20. Seeds were sown on H20/1% agar plates. Upon germination, sprouted seeds were transferred to sterile growth pouches containing 20 ml of 1x Bergersen's medium (21) . Pouches in growth chambers were covered with plastic bags to minimize cross-contamination. Cowpeas were inoculated with Rhizobium cultures 3-5 days after transfer to growth pouches. Two or three seedlings were grown in each pouch and plants were scored for nodules 3-4 wk after inoculation.
Parasponia rigida fruits were hydrated overnight with distilled H20 so that the fleshy fruit could be peeled away from the seed. Peeled seeds were scarified with sand paper and then sterilized in H2SO4. Sterilized seeds were washed thoroughly with distilled H20 and sown on H20/1% agar plates. When seeds germinated, seedlings were transferred to Petri dishes containing Nod medium. Seedlings were inoculated 1-2 wk after transfer to Nod medium. Plates were wrapped with Parafilm. Plants were scored for nodules 3 wk and 6 wk after inoculation.
Inocula were prepared fresh by pelleting logarithmic-phase (-1 x 108 cells) Rp5O1 cultures grown in selective media. Cells were resuspended in 5 ml of H20. Suspensions were diluted 1:10 in 5 ml of H20, and 1/10th of the dilution volume was used to inoculate tubes or pouches. Smaller volumes of the diluted cultures were used to inoculate Parasponia seedlings.
After nodules had been scored, acetylene reduction assays of siratro plants were performed as described (13) . Cowpea nodules and roots were removed from growth pouches and floated in 15 ml of sterile distilled H20 in 250-ml sterile flasks, which were sealed with Suba seals. Flasks were injected with 5 ml of acetylene and incubated overnight in the dark, shaking. The following day, acetylene reduction assays were performed as above. Prior to assay, Parasponia roots and nodules were incubated overnight on circles of H20-saturated Whatman 3MM paper, in Suba-sealed glass stab bottles that were injected with 0.5 ml of acetylene. ( Fig. 2) by Southern blotting and hybridization analysis, using radiolabeled probes derived from the coding sequence of R. meliloti nodD. In fast-growing rhizobia, nodD has a demonstrated role in regulation of the nodABC genes (8, 22) . The function of the nodD homologue in Bradyrhizobium sp. (Parasponia) has not been established as yet.
Transposon TnS insertion mutations in the Rp501 nod-ABCD region were previously generated in E. coli in the cloned 13.4-kb EcoRI fragment from Rp501 ( Fig. 1) (5) . To define the functions of these TnS mutated nod genes in the natural Rp501 background, we replaced wild-type Rp501 genes with sequences mutated with TnS using a procedure modified from the gene replacement protocol of Ruvkun and Ausubel (14) and described in detail in Materials and Methods. A Southern blot of Xho I-digested genomic DNA from 11 putative gene replacement mutants was probed with radiolabeled pPRC6 DNA, verifying that, in each case, the wild-type Xho I fragment had been replaced by a homologous fragment containing TnS (Fig. 3) .
Bradyrhizobium sp. (Parasponia) strains carrying the 11 nod region::Tn5 insertions were assayed on siratro plants, a legume host infected through root hairs, for their capacity to elicit nodules, to curl root hairs, and to reduce acetylene to ethylene in nitrogenase assays (see Table 2 ). Three Tn5 insertion strains, Rpl-21, Rp2-12, and Rpl-28, which contain TnS insertions in the nodABC homologous region, did not nodulate siratro. Mutant strain Rp2-9 elicited very few siratro nodules, which appeared later and which did not reduce acetylene. All of the remaining mutant strains, including those in which TnS mapped to nodD homologous sequences of Rp501, elicited Fix' nodules on siratro plants within 2½2 wk after inoculation. Mock-inoculated plants had no nodules. Bacteria were reisolated from surface sterilized nodules (five nodules per mutant strain) and four colonies from each nodule were tested for kanamycin resistance. All reisolated colonies were Kmr, indicating that the nodules were elicited by the TnS insertion mutant strains and not by wild-type Bradyrhizobium contaminants.
Mutants of Rp501 that could not elicit siratro nodules also did not elicit root hair curling, although some branching of siratro root hairs was observed. All of the mutants that elicited nodules, including Rp2-9, also elicited a typical root hair curling response with shepherds' crooks. All of the nonnodulating mutants could be complemented with wildtype pPRC6 and, in all cases, Fix' nodules were elicited.
When the mutant Rp501 derivatives were assayed on cowpea, another root hair infection host, for their capacity to elicit effective nodules, results were similar to those observed in siratro nodulation assays, with two exceptions (Table 2) . Mutant Rp2-9, which weakly nodulated siratro, did not elicit nodules on cowpea. More strikingly, one of the putative nodD mutants, Rpl-24, was unable to nodulate cowpeas efficiently. As in Rp2-5 (see Fig. 2 ), in Rpl-24 the region of homology to the nodD probe is interrupted by the TnS insertion. In several assays, this strain elicited only one or two nodules per plant, which developed up to 2 wk later than Rp501-elicited nodules. Wild-type strains commonly elicited 20 or more nodules per plant. Mock-inoculated controls were not nodulated.
Since Parasponia is infected by a different pathway than cowpeas or siratro, nodulation assays on this host using the mutant strains were ofgreat interest. Each mutant Rp501 strain was assayed on at least two aseptically grown Parasponia seedlings per trial, and the results presented in Table 2 nodulation. Therefore, the role of these genes in nodulation seems essential and universal. In addition, the Rp501 nodABC::Tn5 mutants failed to elicit root hair deformations when assayed on siratro and cowpeas, hosts that are infected primarily through root hairs. This substantiates results obtained with certain mutants of a slow-growing cowpea Rhizobium strain, IRC78, which nodulate neither crack entry nor root hair entry hosts (9) .
The mutant Rp2-9, a nodC mutant according to physical mapping and to interspecies complementation tests (5, 23) , elicited a few ineffective nodules on siratro, although this strain did not nodulate cowpeas. Promoter activity within the Tn5 insertion in Rp2-9, and partial activity of a truncated protein may account for these observations. Two mutant Rp501 strains containing Tn5 insertions in a region of homology to the R. meliloti nodD gene failed to define a clear role for this locus in Rp501-elicited nodulation. Although the two mutants exhibited wild-type phenotypes when assayed on siratro and Parasponia seedlings, interestingly, one of these mutant strains, Rpl-24, exhibited a much less efficient, delayed nodulation phenotype, relative to Rp501, when assayed on cowpeas. Thus, this locus may have host-specific effects, and perhaps this mutation differentially affects cowpea nodulation by diminishing a factor cowpeas require at a higher level than do other host species. However, the possibility that a second, cowpea specific mutation exists at another locus in Rpl- 24 has not yet been eliminated. Alternatively, nodD may be essential for nodulation by Rp501, but, as postulated for R. meliloti, extra functional copies of nodD may reside elsewhere in the Rp501 genome (20) . In a closely related Bradyrhizobium sp. (Parasponia) strain (ANU289), Scott has shown that the cloned Bradyrhizobium sp. (Parasponia) nodD-like gene complements Rhizobium trifolii nodD mutants (24) .
When these studies were initiated we hoped to learn if legume-specific or nonlegume-specific nodulation genes existed in the Rp501 genome. The mutant Rpl-29 nodulates siratro and cowpea, but not Parasponia, which suggests that its TnS lesion affects a nonlegume-specific nodulation factor. Although a single TnS insertion mutation may behave in an anomalous fashion, we have defined a genetic difference manifested in this mutant strain relative to wild type, which indicates that a Parasponia-specific Bradyrhizobium nodulation function exists.
Because the common nodulation genes (nodABC) are required for all modes ofRhizobium infection of plant rootsroot hair invasion, crack entry, and Parasponia infectionand because the nodDABC genes of R. meliloti in an Agrobacterium background are sufficient to elicit an organized nodule, albeit devoid of bacteria (25) , it is likely that nodDABC products are involved in signaling the plant host to initiate nodule development. Similar plant developmental processes are likely to be involved in nodulation of a spectrum of woody dicots by the actinomycete Frankia, since the Parasponia infection pathway also prevails in some woody nonlegumes nodulated by Frankia (26) . Also, exceptional legumes, such as Sesbania (stem nodulated), appear to share the Parasponia infection pathway (27) . Thus, nodule development in Parasponia is not an isolated phenomenon; instead, Parasponia nodules resemble both Rhizobium-induced nodules of legumes and Frankia-induced nodules of nonlegumes and are considered to represent an intermediate form with respect to these symbiotic associations (28) . The genetic basis for this alternative infection pathway in any of these systems has hitherto been unexplored.
That the nodABC genes are involved in Parasponia infection, as well as typical legume nodule development, might seem a surprising result in view of differences in nodule developmental processes between most legumes and nonlegumes and lack of any data defining a genetic basis for atypical infection phenomena. We do not know yet if legume and nonlegume nodulation processes are mechanistically identical. Defining a role for nodABC in the Parasponia infection pathway does not preclude the involvement of other Rhizobium genes specifically in the nonlegume nodulation process-in fact, our results indicate that nonlegume-specific factors do exist. Clearly, common features are shared by host plants of widely divergent genera, which permit a response to the same Rhizobium nodulation functions. We can ask which common features shared by Parasponia trees and legumes facilitate the nodulation response. The fact that this atypical association exists may offer a key to the perplexing question of why nitrogen fixation in Rhizobium symbioses is almost entirely confined to legumes.
